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Rigler's radiobioassay method is frequently used to estimate maximum possible orthophosphate (P) concentrations
in nalural waters. An evaluation of the method, based on simulated P uptake by hypolhetical phytoplankton
communities, reveals thal the Rigler value is not a consistent estimaror of true maximum possible P concentration.
Analyses show that all members ol thal family of curves for which the difference befween true and assumed (or
estimated) values of P is below the minimum half-saturation constant of a component species will pass through
the plot's origin. A new upper bound, termed & (Rigler), which is the sum of the true ambient P concentration
and the lowest half-saturation constant of a component species, is identified as a consistently distinguishable
bound on maximum possible P concentrations in lake water. The %8 curve cannot be distinguished in a lake
water experiment because of the complex behavior ol uptake curves in the unobservable substrate region. A
theoretical procedure, based on comparing uptake paramelers for lake water samples and multispecific hypo-
thetical communilies, offers potential for calculating upper and lower limits on & in P-limiled lake water samples.

La méthode de dosage radiobiologique de Rigler s’emploie fréquemment dans I'estimation de la concentration
d’orthophosphate (P} la plus élevée possible dans les eaux naturelles, On a évalué cette méthode en simulant
I'absorption de P par des communautés de phytoplankion hypothétiques: la valeur de Rigler n’est pas un esti-
mateur constant de a3 concentration réelle maximale possible de P et des analyses ont montré que toutes les
courbes du groupe ou la différence enlre les valeurs de P réelles et supposées (ou estimées) est inférieure 3 la
constante minimale de semi-saturation d’une espéce composante passent au point d’origine du tracé. Une nou-
velle borne supérieure, % (Rigler), qui correspond a Ja samme des valeurs réelles de la concentration de P dans
le milieu et de la valeur la plus faible de {a constante de semi-saturation d’une espace, sest révélée étre une
limite toujours identifiable de la concentration de P la plus élevée possible dans les eaux lacustres. Il est impossible
de wacer la courbe & dans le cas des eaux lacustres a cause de la complexité du processus d’absorption dans
Ia partie inobservable du substrat. Une méthode théorique a du potential pour le calcul des bornes supérieures
el inférieures de A dans des échantilions d’eau lacusire a teneur limitée en P : elle est basée sur la comparaison
de parametres d'absorption s"appliquant a des échantillons d’eau lacustre et & des communautés d’especes mul-
tiples hypothétiques.
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aquatic systemns has been hampered because ambient true

orthophasphate (P,) concentrations cannot be accurately
measured (Rigler 1973; Tarapchak and Nalewajko 1986). Col-
orimetric methods may severely overestimate P, because Jarge
amounts of molybdate-reactive P are released by acid hydrol-
ysis (Rigler 1968; Paerl and Downes 1978; Stainton 1980; Tar-
apchak et al. 1982) or compromised by excessive color devel-
opment (Tarapchak 1983). Chromatographic techniques (e.g.
gel filtration) are appealing because of their sensitivity, but
measure radioisotopic activity rather than concentration in P,
fractions (Lean 1973; Stainton 1980). Enzymatic methods (Pet-
tersson 1979) are highly specific for P, but are insensitive to

Progress in understanding phosphorus (P) dynamjcs in
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Dynamics Symposium 27th Conference on Great Lakes Research,
Intemationa) Association for Greal Lakes Research, May 1984, Brock
University, St. Cathanines. Ont., Canada.

!:GLERL Contribution No. 506, Great Lakes Environmental
Research Laboratory.

2230

Accepté le 4 aolt 1988

P, < 1.0 g P-L~' (Rigler 1966, 1973; Vollenweider 1968;
Levine and Schindler 1980).

Despite our technological inability to accurately measure P,
n P-himited systems, Rigler’s (1966) radiobioassay method has
provided ao attractive alternative (Brown et al. 1978; Smith and
Kalff 1982). According to Rigler, the bioassay estimates max-
imum possible orthophosphate concentrations (MPPC). Hence,
the problem of precise P, estimation apparently has beep alle-
viated because at least an upper bound on P, can be obtained.
These values have been used to assess P limitation (Peters 1978),
tcst phytoplankton nutrient competition theory based on cell
size relationships (Smith and Kalff 1982), investigate causes of
seasonal P, varations jn artifically fertilized Jakes (Levine and
Schindler 1980), and characterize seasona) variations in P, and
soluble-reactive phosphorus (SRP) concentrations in an oligo-
trophic lake (Tarapchak and Rubitschun 198 1). However, Rig-
ler's method has not been evaluated to delermine if jt yields a
mathematically consistent upper bound on lake water P, con-
centrations. In this report, we evaluate Rigler’s method by iden-
tifying the parameters that control the shape of uptake curves
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Fic. 1. Rigler plol for,a P uptake experiment using offshore Lake
Michigan water collected July 19, 1979. (A) Shapes of § versus %P
curves as a function of B, (curves runcated above P, = 40 wg P-L-!
for clarity). (B) Uplakes curves for the expanded part of Fig. }A show-
ing Rigler's MPPC estimate: 0.2 wg P-L ' (open squares) and a gross
upper bound estimate, &', = 1.) pg P-L-' (apen circles),

in the bioassay, identily a new upper bound on P,, and present
a theoretical procedure to estimate limits on this boung in lake
water expenments.

Rigler’s Method

In Rigler's bioassay, subsamples of natural lake water are
spiked simultaneously with radiolabeled orthophosphate (P}
and different amounts of unlabeled orthophosphate (P,). The
rate constant, k, for 3*P removal [rom solution in each subsam-
ple is measured and multiplied by the sum (ZP) of P, and an
assumed P, concentration (P,) to yield uptake rate (9) at each
2P. The circumflex indicates estimated or assumed rates and
concentrations. This method assumes that the actual relation-
ship of v (o substrate concentration is hyperbotic and that v will
be zero when LP is zero. To estimate MPPC, plots of D versus
3P using successively lower assumed P, concentrations are
generated until the lower part of the uptake curve swings directly
loward the plot’s origin. Rigler proposed that the P, value yield-
ing this curve is MPPC. MPPC estimates in lakes range from
values approximating chemically measured SRP to concentra-
tions as low as 0.59 x 107 pg P-L~' (Levine 1975; Levine
and Schindler 1980).

Rigler’s method is illustrated using results from a typical P
uptake experiment using offshore Lake Michigan water
(Fig. 1). This experiment was performed by adding P (as
KH,PO,) to subsamples at final concentrations ranging from

0.08 to 150 pg P-L-" and P and estimating uptake rates (Tar-
apchak and Herche 1986). The SRP estimale obtained by the
acid molybdate—stannous chloride method was 3.5 g P-L-!
(Tarapchak and Rubitschun 1981). We chose P, values greater
and less than (following Rigler) this value to generate uptake
curves, b = k- 2P. The curves behave as predicted by Rigler,
producing a series of concave upward (at relatively high P.) and
concave downward (at relatively low P,) curves (Fig. LA). To
identify MPPC, uptake curves at relatively low P, were care-
fully inspected to determine which curve approaches the plot’s
ongin (Fig. 1B). A value of about 0.20 g P-L~!yields a curve
directed toward the origin and represents the MPPC estimate in
this experiment.

Evaluation of Rigler’s Method

We examined Rigler’s method by evaluating the parameters
that control the behavior of uptake curves in ¥ versus 2P plats.
Our analyses are based on the assumption that the relation of v
to 2.P for a monospecific microbial population can be described
by the Michaelis—Menten mode!

VxS

1 ==
m v K+

where V... is maximum uptake rate, &, )s the half-saturation
constant (the substrate concentration at V. /2), and S (=2P)
is substrate concentration (Dugdale 1967; Button 1978). The
symbol X, is used instead of the Michaelis—Menten constant,
K, or K,. to distinguish between nutrient uptake by cells or
assemnblages and substrate-dependent enzymatic reactions (But-
ton 19835). For our analysis, we initially use a monospecific (one
set of uptake constants) and a multispecific community (two of
more sets of uptake constants), where uptake is described by a
simple and a compound Michaelis—Menten equation, respec-
ively (Tarapchak and Herche 1988). A ““compound’’ model is
necessary 1o describe uptake by communities composed of spe-
cies with dissimilar K,'s because species uptake rates do not
sum to a community rate described by the simple Michaelis—
Menten modet (Williams 1973, Tarapchak and Herche [986)
(see below). We examine the assumptions of Rigler’s bioassay
using simulated P uptake curves for hypothetical communities
and demonstrate that the method fails to produce a consistently
distinguishable estimate of MPPC.

Analytically, Rigler’s method is based on empincal analyses
of plots of ¥ (x-ZP) versus TP for various assumed values of
P, (B,). The underlying assumption is that the experimentally
measured quantily x (a function of true P) may be expressed

v vﬂ\“
(2) K= —— =

Zp K, + 2P
which gives

Vo' SP
B3 b= —=

K, + 2P

One may regard P, as the sum of two components. The [irst is
the true (and unknown) P, concentration. The second, say A,
is the difference between the estimate and the true value, so
that P = P, + A. To understand the behavior of equation (3),
observe that, since P, = P, + A,XP =P, + P, =P, + P,



One Population

129 301 A
K74 0.55
10— 2 5]
B
A
84 2.0 0.50
6+ 15J
035
4 10
00
OST 0
] — Y T T 1
0 04 08 12 16 20 24 28 0 0.03 0.06 009 012 015
Two Populations
ﬁ~‘ 254
C D A
5 0.555
A 207 0550
0750 0545
. 0620
a ] 0.555
0500
< 0560 154 K74
0545 "
< 34 0.500
I 0300
<> 0000 g4
0300
2
0000
i 05-
(
0 T A Al T T T T ! 0 T — ) T T T —
0 02 04 08 08 10 12 14 18 02 0¢ 06 0B 10 12 14
a-l ' 25-‘ L= -
[} 1 ,/”"
b ! £ _% \ A
1y ' = - 0555
s s %7 - 0550
I 204 4 i L7
o 10.042 27 . 0545
Y \+/jo’ s 0500
. .I \\ /,,// 7 /0300
' P4
lI 154 /‘%/ /’ //
10 286 - v L7 0000
\ N .
34 - A ) L
1o L
1.0-" ; -
] 7 ’
1/ .7
[ ’ "
“Observable” o —"QObservable
rvable - 9 n
. R A P -"Unobservable
- - ~=--=~-~~-"Unobservabie ;.
I//
v v . - 0 5 y — . —
2 3 a 5 0 01 02 03 04 0.5

2
YP = 2a+P +P,

FiG. 2. Behavior of P uptake curves (D versus 2P) as a function of A for a (A and B) hypothetical
monospecific and (C-F) bispecific community. Al uptake curves for which 4 < K, (monospecific
community) or the lowest component species K, (bispecific community) pass through the plot’s origin.
The 4 curve is produced by a P concentration equal to K., plus true P,. Observable (sohd lines) and
unobservable (broken lines) regions of uptake curves are shown for the bispecific community over a
2P domain of 0-5.0 ug P-L-' (Fig. 2E) and 0-0.15 pg P-L-* (Fig. 2F). Numbers at vertical marks
indicate local minima (Fig. 2E and 2F). Monospecific parameters: V,,, = 2.75 pg P-L-"-h-* and X,
= 0.55 pg P-L-". Bispecific parameters: V,,, = 4.75 pg P-L-""h-'"and X, = 0.95 pg P-L-' plus
those of the monospecific community. Populalions of equal abundance. True P, = 0.03 pg P-L-" for
both communities.
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~A=3P-A Substituting the latter expression for P in
equation (3) yields

V,..-3P vV, 3P
) b= =

K.+ (P — A (K, - A)+ 3P
In equation (4), K, — A functions as K, tn the standard Michae-

lis—Menten expression. The derivative, m. of # with respect to
ZPis

K, — D) V,..
(K,—A) + P

When A is larger than K,, the quantities K, — & and. conse-
quently. m will be negative. This negative slope corresponds to
an upward turn of the graph as %P becomes small. When A is
smaller than K. the quantities K, — A and m are positive and
the plot assumes a “'slandard”™ downward concave shape.
Hence. the curves generated in a Rigler plot are controlled by
the relationship of A 1o K,. This relationship allows us to exam-
ine the behavior of uptake curves using A instead of assumed
P, to determine if MPPC is a consistent estimator of an upper
bound for P, in lake water.

Rigler’s criterion for estimating MPPC rests on the premise
that some small assumed value of P, yields a unmique curve that
extrapolates through the plot’s origin. To test this premise. sim-
ulated uptake by two simple, arbitrarily constructed hypothet-
1cal communities is examined. The first is a monospecific com-
munity described by one set of uptake constants (V,,,, = 2.75
ug P-L-"h-' K, = 0.55 ug P-L-"); the second is a bispecific
community described by two sets of vptake constants (V,,, =
275 g P-L-*h" ' K, = 0.55ugP-L'and V,,, = 4.75 ng
P-L-"h . K, = 0.95 pg P-L~"). We assumed a fixed (true)
P, concentration ( = 0.03 pg P-L-") and generated curves for
a standard Rigler plot (but with vanation between curves deter-
mined by vacying values of A). For the monospecific commu-
nity, the family of curves gradually changes charactenistically
from concave upward lo concave downward as A beccomes
smaller (Fig. 2A.2B), with the change in direction occurring
when A = K, Since P, = P, + A is always chosen to be
positive, A is always greater than — P,

Similar resutts are obtained for multispecific communities,
except that more complex curves are generaled. For example,
curves that swing down near the y-axjs can become locally con-
cave up at low XP. For the bispecific community (Fig. 2C.2D),
all curves that assume a uniformly downward concave shape
pass through the origin when A is less that the smallest X, of a
component species K ma). However, we observed the same
inconsisiency in Rigler plots for both monospecific and mul-
tispecific communities — all curves for A < K, ..., pass through
the origin and al} curves above do not. Rigler's radiobioussay
Jails to produce an accurate estimaie of an upper bound on P,
because all members of the family of curves with —P, < A <
Ky mmy ( cOncave dovwrward) pass through the plot's origin. These
curves all have the same general concave downward shape,
becoming more shallow as A decreases. Because this analysis
applies by analogy to multispecific lake water communities,
Rigler's bioassay does not provide a consistently distinguish-
able upper bound on P, in lake walter.

5 m =

Theoretical Upper Bound Identification

The analysis of uptake-curve behavior in Rigler plots pro-
vides a theoretical basis for identifying a consistently distin-

guishable vpper bound on ambient P, concentrations. This
bound is the valve of P, for which A = K, (where the char-
aclenstic change in curve shape from concave upward to con-
cave downward occurs). This value, termed Rigler ((4), is the
sum of P, and K,,.., (where K., is positive by assumption).
The 4 uptake curve produced by this value is the curve par-
ameterized by the least valve of P, which does not go through
the origin. i1.e. intersecls the positive y-axis. For the monospe-
cific community, the .4 curve is easily wdentified because it is
horizonlal (Fig. 2A,28). Here, 4 is equal t6 0.550 | K., Plus
0.03 (P,) = 0.580 pwg P-L-". For the bispecific community,
A corresponds 1o the curve with A = 0.550 (Fjg. 2C,2D) and
is the sum of 0.550 (K .| and 0.03 (P,) = 0.580 pg P-L"".

Detecting the Upper Bound in Lake Water

The above analysis has established that a consistently iden-
tifiable upper bouad on P,. .#, can be determined [or samples
in which K, . and P, are known. We now address the obvious
question — can A be determined in lake waler samples com-
posed of multispecific microbial assemblages and unknown P,?
As a basis for analysis, 1t should be recalled that uptake curves
in Rigler plots have several features in common (see
Fig. 2C,2D). First, the curves are essentially harizontal for
large ZP. Second, for any A above K., the curves have a
vertical asymptote at 2P = A — K, ... Third, for any given
curve where A is significantly >K,,.,.,. the slope changes from
(essentially) horizontal to (essentially) vertical as 3P gets
smaller. When the vertical portion of the curve can be dis-
cerned, A will always be above K,...,- Fourth, for small A >
K 4ma)» the curves slope down as P becomes small before they
sweep up and approach vertical.

One desires to identify the curve corresponding to A in lake
waler expetiments. To do this, it is necessary (o sce the left end
of the family of curves change shape from concave up
(approaching a left vertical asymptote) to concave down (going
through the orngin) as P, gets smaller. However, it is not pos-
sible to have data corresponding to the left end of the curve
because P must be greater than or equal to P, + A = P,.
Consequently, there will be an "‘observable”™ and an ‘‘unob-
servable™ region (domain) for a P uptake curve, given a par-
ticular A. Each curve is observable on the domain 2P = P, +
A,i.e. when P, = 0. For example, in the bispecific community
(Fig. 2E). ¥ is observable for all points with 2P greater than
0.03 (P,) plus 0.62 (A) (i.e. LP = 0.65) (curve No. 4 from
top). The observable portion of each curve is shown as a solid
line. Conversely, the portion of each curve with P < P, +
A = 0.65 would necessarily correspond (o data with P, = ZP
— (P, + A) < 0, which is not realisable (i.e. data cannot be
oblained with negative P,). Hence, this portion of each curve,
shown as a broken ling, is unobservable. Note that some portion
of all the uptake curves for the bispecific community will not
be observable (Fig. 2E).

These analyses show that estimating true “& in natural lake
water samples will be complicated by the fact that the features
identifying the A curve are abscured by being in the unob-
servable region. This can be illustrated as follows (Fig. 2E,2F).
Nole that as A approaches K, from above, the local minima
where the slopes of the curves change sign have abscissae that
approach zero. These points with zero slope are identified on
the curves with verlical marks. When A equals K., the
abscissa of the minimum reaches the axis and the curves become
uniformly concave downward. As the minimum point



approaches the axis, its abscissa becomes less than P, + A and
is then unobservable. Observe that for A = 0.75, the minimum
(at 1.473) is above XP = 0.75 plus 0.03 pg P'L-' and is
observable. For A = 0.62, the minimum is below 2P = 0.62
plus 0.03 pg P-L-! and is vnobservable. Thus, one cannot
observe the behavior of curves closer than P, to the y-axis.
Hence, the curve parameterized by P, equal to A cannot be
distinguished in lake water samples.

Lake Water Experiment: Estimates of an Upper
Bound

We now develop a relationship used for setting limits on &
in natural samples. The approach requires an experimentally
estimable bound, &, on :Z . Then we establish a relationship
between true .4 . the bound 4 ' and P, (see Theorelical Limits
on # in Lake water Experiments (next section)). Here we iden-
tify the bound 4 ' and its method of estimation. In theory, the
only visually distinguished curve in a lake water expenment is
the last curve (as A gets smaller) for which the local minimum
is observable. Curves below this cannot be qualitatively distin-
guished because as P, becomes smaller, the minima of the
curves go into the unobservable region. The value of P, for this
curve is termed 4 '. For a multispecific community, we expect
that the 4’ curve would ‘‘tail up” to the left of TP = R’
(see Fig. 2E,2F). By comparison, note that among the carves
with P, < A, the observable portions of the curves with bigger
A’s are indistinguishable from those below them. The value of
P, parametecizing the 22 ' curve is an upper bound for both true
AR and P,.

The procedure for obtaining 94’ in a natural sample is itlus-
ga(cd in Fig. 1. This bound for ambient true P, is the value of
P, producing a curve in a Rigler plot that is honzontal near the
y-axis, i.e. a curve which is about to curl down from the hor-
1zootal for the smallest values of P,. To obtain the gstimaw, we
first generate a set of curves using tnal values of P, and select
curves that appear to be near horizontal at their left end
(Fig. IB). We then use a richer set of values to empircally
identify the value of P, that yields a line whose slope there does
not differ from zero. For this experiment, & is approximately
[0 pg P-L-

Theoretical Limits on -4 in Lake Water
Experiments

A theorelical rationale for setting upper and lower limits on
R in lake water samples can be developed from the foregoing
analyses. The approach is based on finding the relationship
between & and A’ for various hypothetical communities and
values of P,. The approach assumes that the abundance-
weighted species K, distribution in lake water is known. [t
should be noted that & = P, + K, Consequently, it is
possible Lo get only limits on A due to the fact that when A =
Ky 2P = P, + K, m 1S the smallest observable datum,
while minima for nearby curves would shave unobsecvable
abscissae less than P, + K,,,.,. To find A’ for a given mul-
tispecific assemblage and assumed true P,, one needs to find
P, such that the minimum of the curve parameterized by P, falls
on the limit of observability, namely P,. This may be accom-
plished by numesically searching for the value of P, (given P,)
which satisfies the relationship.

One way of relating #’ to A is to examine the ratio of the
difference, D = A’ — £ 10 A for each value of assumed
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P.. Our analyses were performed by assuming that true P, is
less than some nominal P, bound. The nominal bound was arbi-
trarily set at P, < 5 pg P-L-'. For a given hypothetical com-
munity, the ratio D/-® has a minimum lower Jimit (L) and a
maximum upper limit () for this domain of P,, giving

D
6) 7 =L
and
N —l-)- s U

From equation (6), D = L- R, and so, using D = R' — R,
one sees that

A=A+ Dz AL R =R+ L)
or
»
1+L

AR S

an upper bound on A in terms of .4 ’. Similarily, from equa-
tion (7):

R
D < U-# implesX® = ,
t+U
a lower bound on & in terms of 4" Together:
R’ ) R’
(8) sA =<
t+v 1+L

This gives upper and lower limits for A in lake water samples
in terms of &’ under the assumption that the lake water assem-
blage is identical to the hypothetical community. The value for
" in a lake water expeniment is obtained and applied in equa-
tion (8).

Calculating Limits on A in Lake Water
Experiments

To illustrate this procedure for estimating true 4 1n a natural
sample, we constructed multispecific microbial communities
and simulated P uptake in Rigler plots. Knowledge of the range
of species K,’s and the abundance-weighted K, distributions in
natural P-limited assemblages 1s meager (Rhee and Gotham
1980; Tilman 198); Tarapchak and Herche 1986). Michaelis—
Menten uplake constants are known for only a few naturally
occurning microorganisms (Stross and Pemnck 1974; Smith and
Kalff 1982). To mimic the structure of natural assernblages. we
constructed hypothetical communities consisting of 30 species
and assigned species K, values guided by our knowledge of
assemblage K, estimates for Lake Michigan (Tarapchak and
Herche 1986) rather than literature values from laboratory
monoculture studies (Nalewajko and Lean 1980). Thirty spe-
cies were used, since autoradiographic studies on **P uptake by
natura] Lake Michigan microbial assemolages frequently
revealed that 30 species took up at Jeast 98% of the **P. Half-
saturation coastants ranging from extremes of 0.0S to 50 pg
P-L-! were assigned to specjes. Species abundances were set
equal or permitted to range up to 1000-fold in “‘skewed’’ spe-
cies K,-abundance arrangements (Tarapchak and Herche 1986).

Can. J. Fish. Aquai. Sci . Vol. 45, 1988



TasLE 1. Communities consist of 30 species divided equally among two groups (Communities [-1V)
or in a single group (Community V). Species K, values are uniformly spaced within each order of
magnitude. Relative species abundances are distnibuted 80% (first group) and 20% (second group) for
Communities 1-fV, where within-group species abundances are set equal (Equal) or are uniformly
spaced within two orders of magnitude. P, ambient orthophospbate concentration, 4 a true P, upper
bound, .4 a visually estimable upper bound on A4, and calculated limits L (lower) and U (upper) on

DR . Units are pg P-L-' except for the ratio.

P, =0.21 ug P-L-! O0<P <SS
Species K, Relative species
Community range abundance R R (R =RVR L U

A (0.05-0.%) Equal (1) 0.260 0.708 1.721 1,451 3.442
(5-50)

1B (0.05-0.5) (1000-10) 0.260 0.469 0.802 0.379  2.577
(5-50) (L00-1)

IC (0.05-0.5) (10-1000) 0.260 3.820 13.70 I 341 59.63
{5-50) (1-100)

A (0.05-% Equal (1) 0.260 0.476 0.829 1.211 13.07
(5-50)

1154 (0.05-5) (1600-10) 0.260 0.469 0.802 0.379  2.577
(5-50) (100-1)

|{(@ (0.05-5) (10-1000) 0.260 3.820 13.70 1.341  59.63
(5-50) (1-100)

Bl (0.5-9) Equal (1) 0.711 2.77 2.900 0.995  3.367
(5-50)

8% (0.05-0.5) (JO00-100) 0.260 0.487 0.872 0277  L.1o0
(0.5-5) (5-50)  (100~10) (10-1)

\'% (0.1-100) (1000-1) 0.310 7.687  23.79 4747  24.00

Simulations are based on the assumption that P vptake for
each species in the community can be adequately described by
the simple Michaelis—-Menten madel (Button 1978), where
uptake js described vsing pairs of uptake constants (K, V,.)
which differ among, species. Using subscript j to denote param-
eters for any one (jth species), equation (4) was generalized to
describe uptake rate, v, for the entire n-species community as
the sum of individual species uptake rates:

a,-V,m/-iP
7K, 4+ (SP - A)

aj-Vm‘l 3P
bk, - ) + Sp

Il
I A

)

where each species is weighted by its relative abundance (frac-
tion of biomass), a,, in the community. Ambient true P, was
setat 0.21 pg P-L ' to mimic the median of the Rigter estimates
for the spring—early summer perjod in Lake Michigan.
Simulated P uptake for a variety of hypothetical multispecific
communities shows the expected complex behavjor of uptake
curves in Rigler plots and that 22’ significantly exceeds 4 as
predicted (Table 1). A Rigler plot for Community TA is shown
to iJlustrate results (Fig. 3). For this community, 28 ' by inspec-
tion would be approximately 0.21 + 0.5 = 0.71 pg P-L™!
(shown as the &' curve in Fig. 3A). However, A is 0.21 +
0.05 = 0.26 wg P-L~ (Fig. 3B). Note that P, values near .%
produce curves that swing up in the unobservable region
(Fig. 3B). This behaviar would not be discerned in a lake water
experiment, as argued above. based on P uptake by the hypo-
thetical bispecific community (Fig. 2). These results argue gen-

erally that the true upper bound for ambient P, in lake water
will not be closely approximated by Rigler estimates (Fig. 1).
The only identifiable upper bound in a lake water sample is R’
which can grossly overestimate A4 .

The hypothetical community (Coromunity TA) in Fig. 3 is
used to illustrate how limits on % are obtained for a lake water
sammple. The relationships of “#, X', D-= &' — A, and
D/ % for P, in the domain of -5 pg P-L ~' are shown in Fig. 4.
AtP, =021 pgP-L', & =0.26, &' =0.71,D = 0.45,
and D/:R = 1.73. D/A has a maximum value of 3.442 and a
minimurm value of |.451. Assuming that the hypothetical com-
munity represents the lake water assemblage:

R’ R’ R’

L+ U 1+3442 4442
and

2 A #

| + L - I + 1.451 - 2.451
or

A A

4.442 2,451

Using the observed 4’ value of 1.1 wg P-L-' from the lake
water experiment (Fig. 1), the value of .# = P, + K, .., 1§
bounded as

or
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Fig. 3. Bebavior of P uptake curves (b versus X P) as a function of A
for a hypothetical community consisting of 30 species showing the
observable {solid lines) and unobservable (broken lines) uptake regions
{Community [A, seec Table 1). Numbers at vertical marks indicate local
minima. The feature of nole in Fig. 3A is the £’ corve; the feawre
on Fig. 3B (expanded part of Fig. 3A indicaled by circle) is the A
curve. Tree assumed P, = 0.2] wg P-L -'. Community consists of two
mucrobial groups with the K,'s of species ranging from 0.05 10 0.5 pg
P-L-* (first group) and 5-50 pg P-L-' (second group).

02476 < A =< (.448.

These limits are substantially below the estimate of £ (1.1.
pg P-L-") in the lake water experiment.

These limits on £ are nonconservative, since they rely com-
pletely on the community structure described for Community
[A. A more conservative approach is 1o assume that any one of
the hypothetical communities in Table 1 might descnbe the
structure of the natural assemblage. Hence, a conservative esti-
mate of L and U for the lake water sample is the minimum of
the L's and the maximum of the U's for all candidate com-
munities. From inspection. (he values of 0.277 and 59.6 are
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104

a4

Fic. 4. Valves of #, #°, D = R ~ A (ug P-L"") and DI R
(dimensionless) over the P, dormain of 0-5 pg P-L-* for the hypo-
Lhetical community in Fig. 3 used to obtan U and L. Honzontal hines
indicate the minimom (1.451) and maximum (3.442 g P-L-") of the
D/R ratio over the substrate domain.

the minimum of the lower ratio limit and the maximum of the
upper ratio limit, respectively (Table 1). Substituting these val-
ues into equation (8) (and using :&’ = .1 pg P-L ") gives

LI+ 59.63) < A < 1.1/ + 0.277)
or

0.018 < 2 < 0.86].

These estimates are more robust than those obtained from using
an individua) hypothetical community (Table |). This upper
limit on .4 is slightly below the experimental 28’ value.

Discussion and Conclusions

Methods of measuting ambient (rue P, concentrations in
aqualic systems are in an embryonic state of development (Rig-
ler 1973; Tarapchak and Nalewajko }986). Three important
insights into setting bounds on P, concentrations in lake water
have arisen from our analysis. First, Rigler’s MPPC esumates
do not yield valid upper bound P, values. Any uptake curve in
a Rigler plot, where the error in estimating P, Is less than K ...
yields a candidate for MPPC. since the curve will intersect the
plot’s origin. Rigler's MPPC estimates must now be interpreted
as P, values located somewhere between a true upper bound P,
value and zero. Presently, there is no way of determining how
closely MPPC approximates true P,, as generally accepted inde-
pendent methods for P, estimation are unavailable.

Second. 2 new upper bound on true P,. 2. has been iden-
tified. This bound, defined as the sum of P, and K,,,, can be
calculated for any muluspecific assemblage when P, and the
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lowest species K, are specified. In theory this value satisfies an
important requirement in P, estimation. & is a mathematically
determined value based on parameters controlling P uptake
curve behavior in Rigler plots. Unforwnately, the # curve can-
not be disinguished in a lake water experiment where species
have dissimilar K,'s because of the complex behavior of uptake
curves in the unobservable substrate region. The next step in
these analyses must be to determine how strongly the assump-
tions on community structure (e.g. species K, ranges, V,,, 10
K, ratios, and abundance-weighted £,'s) affect the X/ * rela-
tionship and the limits on & . We have not attempted these
analyses here because of the present uncertainty in the actual
structure of natural communities (Smith and Kalff 1982; Tar-
apchak and Herche 1986).

Third, the theoretical framework for setting limits on .£ by
relating the P uptake kinetics by natural and hypothetical com-
munities provides new insights into upper bound P, estimation.
The procedure hinges on the assumption that the ratio of & o
A" for the hypothetical community is the same as for the lake
water assemblage. 92 is invariant for communities with the
same P, and K,,.,,. However, ‘2" estimates for a given com-
munity are highly variable depending on the abundance-weight
species K, distribution. For example, rearranging the species
abundance distribution so that species with the lowest X,’s are
assigned the lowest (Community IC) rather than the highest
{Community 1B) abundance value changes the <2 ' value and L
and U by an order of magnitude. Although one may obtain
reasonable estimates of K., by direct experimental measure-
ment (Smith and Kalff 1982) or by inference from natural
microbial assemblage K, estimates (Tarapchak and Herche
1986), the range of species K, values and the abundance-
weighted species K, distributions in natural systems are poorly
known. Consequently, although the procedure is an attraclive
means of estimating limits on &, the method must be used
cautiously until species-specific uptake rates for enlire micro-
bial assemblages in particular sysiems are better known.

In sumumary, P uptake experiments using microbial assem-
blages from P-limited systems do not yield a consistently dis-
tinguishable upper bound on ambient true P, concentrations.
The only identifiable bound, R ’, is empirical and probably
gross]y ovcrestimates lrue % . The theoretical procedure for
estimating limits on true & is strongly dependent on hypo-
thetical species K,-abundance distibutions. Presendy, the
method can be used to set limits on & in systems where there
is some knowledge of possible species K,-abundance distribu-
tions. Bounded AR values can be used to test predictions on
seasonal variatiops in P, concentrations emanating from com-
plex mathematical ecosystem models. However, our estimates
on & bounds are insufficiently conservative to be used in
aquatic chemical equilibrium studies and process research in
phosphorus—plankton dynamics.
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